Prolonged sitting for 1-6 h has been shown to impair leg macrovascular [i.e. reduced flowmediated dilatation (FMD)] and microvascular (i.e. reduced reactive hyperaemia) function. These impairments appear to be mediated through reductions in shear stress. Interestingly, a reduction in shear rate has been observed as early as 10 min into sitting. However, it is unknown whether this acute reduction in shear stress is sufficient to affect vascular function. Accordingly, we studied 18 young men and assessed popliteal artery FMD and reactive hyperaemia before (Baseline) and after (PostSit) a 10 min sitting period. Popliteal artery shear rate was significantly reduced during sitting (Baseline, 62 ± 35 s −1 ; 10 min sitting, 27 ± 13 s −1 ; P < 0.001). Macrovascular function was unaffected by 10 min of sitting (Baseline, 4.4 ± 2.1%; PostSit, 4.3 ± 2.3%; P = 0.97), but microvascular function was reduced (Baseline, 4852 ± 2261 a.u.; PostSit, 3522 ± 1872 a.u.; P = 0.02).
INTRODUCTION
The negative health implications of a sedentary lifestyle are becoming well understood, and this is an increasing problem in our society. In particular, there are a growing number of activities and jobs wherein individuals sit for extended periods of time (Hamilton, Healy, Dunstan, Zderic, & Owen, 2008) . Importantly, recent studies have demonstrated that prolonged sitting increases the risk for development of cardiovascular disease (Biswas et al., 2015) and type 2 diabetes (TudorLocke & Schuna, 2012) and have also drawn a clear link between a sedentary lifestyle and cardiovascular disease-related deaths (Biswas et al., 2015) . However, the precise mechanisms by which sedentary c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society behaviour impacts cardiovascular health are not fully characterized and have therefore become a focus of recent research.
We and others have investigated the vascular responses to prolonged sitting in healthy young adults . These studies have demonstrated that 1-6 h of uninterrupted sitting results in impairments in leg macrovascular function as assessed by flowmediated dilatation (FMD) and microvascular function as assessed by reactive hyperaemia (Restaino, Holwerda, Credeur, Fadel, & Padilla, 2015; Thosar, Bielko, Wiggins, & Wallace, 2014) . Subsequent studies have demonstrated that the impairment in macrovascular function can be prevented by increasing leg blood flow during sitting to eliminate the sitting-induced reduction in shear stress Experimental Physiology. 2018; 103:1425 -1434 wileyonlinelibrary.com/journal/eph
New Findings
• What is the central question of this study?
We aimed to examine leg vascular responses to brief periods of inactivity.
• What is the main finding and its importance?
We demonstrate that a mere 10 min of sitting is sufficient to impair leg microvascular function (reactive hyperaemia). However, conduit artery vasodilatation (flow-mediated dilatation) was unaffected, indicating maintained macrovascular function. Interestingly, immobile supine rest also resulted in a reduction in microvascular function alone that was prevented when calf muscle contractions were performed. Collectively, these data highlight the susceptibility of the microcirculation to short periods of inactivity and the beneficial role of skeletal muscle contraction for vascular health. Restaino et al., 2016) . Thus, these studies implicate low shear stress as a primary mechanism by which sitting impairs leg vascular function.
Importantly, recent work has demonstrated that leg blood flow and shear stress are significantly reduced within the first 10 min of prolonged sitting (Vranish et al., 2017) . However, what remains to be determined is whether the reduction in leg blood flow and shear stress during sitting needs to be sustained, or whether 10 min of sitting is sufficient to impair macrovascular or microvascular function.
In light of the above background, we sought to investigate the effect of a brief (10 min) bout of sitting on popliteal artery FMD and reactive hyperaemia. We hypothesized that reductions in macrovascular and microvascular function are related to a sustained and prolonged reduction in leg blood flow and shear stress and thus, would be preserved after this short-term sitting period. In addition, to investigate the impact of lower limb inactivity independent of sitting, time control experiments were performed with subjects in an immobile supine position. Interestingly, we observed a slight but significant and consistent reduction in reactive hyperaemia responses during the inactive supine rest period. This occurred despite the maintenance of conduit artery blood flow and shear rate, indicating that alternative mechanism(s) contribute to impairments in reactive hyperaemia.
Considering that the legs were immobile in these experiments, we performed additional experiments to investigate the effect of muscle contractions on vascular function during supine rest periods. We tested the hypothesis that low-intensity muscle contractions would contribute to a preserved reactive hyperaemia, and thus microvascular function, during supine rest.
METHODS

Ethical approval
All study procedures conformed to the Declaration of Helsinki and were approved by the University of Texas at Arlington Institutional Review
Board (IRB no. 2016-0076) . Subjects provided written informed consent before participation. Related to clause 35 of the Declaration of Helsinki, the results from this study were not registered in any research database.
Experimental measures
Subjects were instrumented with a standard lead II ECG (Quinton Q710, Bothell, WA, USA) for measures of heart rate (HR). Brachial artery blood pressure (BP) was determined via automated sphygmomanometry (Welch Allyn, Skaneateles Falls, NY, USA).
Popliteal artery diameter and velocity were imaged with duplex Doppler ultrasound (General Electric Logiq P5, Milwaukee, WI, USA), as previously described in studies from our laboratory (Restaino et al., 2015; Vranish et al., 2017) . Briefly, an 11 MHz probe was positioned near the popliteal fossa, and the skin was marked to ensure that all measurements were made at the same location. An image was deemed suitable if bright, distinct borders were present above and below a clear, dark lumen. Popliteal artery diameter and blood velocity were imaged in duplex mode at a pulsed frequency of 5 MHz, with an insonation angle corrected at 60 deg and the cursor set midvessel, encompassing the entire lumen but not extending beyond the vessel walls.
Experimental protocols
We studied 18 healthy young men (age, 23 ± 4 years; body mass index, 24.7 ± 3.2 kg m −2 ), who were free from any known cardiovascular, metabolic, respiratory or neural diseases. Participants reported to the laboratory ≥2 h postprandial and free from caffeine for 6 h and from alcohol or exercise for 12 h before any experimental visit. The number of subjects in each protocol (described below and depicted in Figure 1) were n = 14 for protocol 1a and n = 7 for protocols 1b, 2a and 2b.
Protocol 1: Acute sitting
We performed a comprehensive assessment of the effects of a brief (10 min) bout of sitting on popliteal artery FMD and reactive hyperaemia. Of note, all primary vascular outcome measures before and after sitting were made with individuals in the supine position.
Protocol 1a: Acute sitting
After 15 min of supine rest, measures of HR, BP and popliteal artery resting haemodynamics were made during a 2 min baseline period.
Next, a cuff placed distal to the ultrasound probe was rapidly inflated to 220 mmHg for 5 min (Hokanson, Bellevue, WA, USA). Popliteal artery diameter and blood velocity were continuously recorded for 30 s before and 3 min after cuff release. Macrovascular function was determined from the resultant conduit artery dilatation, and microvascular function was assessed by quantifying the reactive hyperaemia response, which reflects dilatation in downstream resistance vessels attributable to cuff occlusion and ischaemia (Corretti et al., 2002 Popliteal artery diameter, blood velocity, blood flow, and shear rate Popliteal artery reactive hyperaemia and FMD F I G U R E 1 Schematic representation of the experimental protocols. For protocol 1, popliteal artery resting haemodynamics, flow-mediated dilatation (FMD) and reactive hyperaemia were assessed before (Baseline) and after (PostSit) a 10 min bout of sitting (protocol 1a). In protocol 1b, the supine recovery period was extended for an additional hour after sitting. In protocol 2, popliteal artery resting haemodynamics, FMD and reactive hyperaemia were quantified at three time points, each separated by 20 min of rest, while subjects were supine and immobile (protocol 2a). In protocol 2b, subjects were instructed to perform calf muscle contractions during the supine rest periods (30 contractions min −1 , in cycles of 1 min on-2 min off)
Next, subjects were positioned upright in a chair for a 10 min sitting period, with feet gently supported to avoid passive muscle contraction. Subjects were instructed not to move from the waist down for the remainder of the study, and research personnel observed their legs to ensure that no movement occurred. Resting haemodynamic measurements were made at 1 and 10 min into sitting. After 10 min of sitting, subjects were carried and returned to the supine position to avoid muscle contraction in the lower limbs. All baseline measurements described above were performed identically and served as 'PostSit' measurements for comparison.
Protocol 1b: Acute sitting with extended recovery
In a subset of subjects (n = 7), the period after the 10 min of sitting was extended for 1 h to include two additional measurement time points.
For this protocol, after 10 min of sitting, HR, BP and popliteal artery resting haemodynamics, reactive hyperaemia and FMD measurements were made immediately upon return to the supine position (PostSit) as above, and at 30 and 60 min post-sitting (PostSit 30 min and PostSit 60 min, respectively). From the time of sitting to the end of the study, subjects were instructed not to move from the waist down, including the time during PostSit supine rest.
Protocol 2: Supine rest
Popliteal artery FMD and reactive hyperaemia were assessed after supine rest without (inactive) and with (active) muscle contractions of the lower leg.
Protocol 2a: Supine rest (leg inactive)
We performed time control experiments in a subset of individuals (n = 7), in which measures were repeated as described for protocol 1, 
Protocol 2b: Supine rest (leg active)
This protocol was designed to investigate how inactivity in the legs during supine rest in protocol 2a impacted vascular measurements.
To accomplish this, we requested subjects to perform periodic calf muscle contractions to keep the experimental limb active during the 20 min supine rest periods. The subjects were instructed to perform calf muscle contractions by alternating dorsiflexion and plantar flexion of the foot on the experimental limb (foot angle range, ∼85 to 35 deg) at a pace of 30 contractions min −1 , in cycles of 1 min on-2 min off. This contraction and duty cycle were chosen during preliminary experiments because they did not induce a sustained increase in resting leg blood flow. HR, BP and popliteal artery resting haemodynamics, reactive hyperaemia and FMD were measured in seven subjects at baseline and after each of the two 20 min rest periods in which the intermittent calf muscle contractions were performed (i.e. 30 and 60 min from baseline, as in protocol 2a).
Data analysis
All ultrasound data were collected and analysed with a custom
LabView program, as previously described by reseachers in our laboratory (Restaino et al., 2015; Vranish et al., 2017) , which uses edge-detection software for beat-to-beat analysis of popliteal artery diameter and blood velocity. For assessment of resting haemodynamics, shear rate was calculated as 8 × mean blood velocity/diameter, and blood flow was calculated as × (diameter/2) 2 × mean blood velocity × 60. Although this shear rate calculation provides an estimate of shear stress in the upstream conduit artery (i.e. popliteal artery), its ability to reflect shear stress in the downstream resistance vessels is debatable, because a direct measurement of the diameter of these vessels cannot be obtained (Padilla et al., 2011) . Thus, we have used shear rate as an index of shear stress at the popliteal artery, and leg blood flow and blood velocity as an index of shear stress in the microcirculation. For assessment of leg macrovascular function, popliteal artery FMD was calculated as follows: (peak diameter − baseline diameter)/baseline diameter × 100.
For normalization of popliteal FMD, hyperaemic shear rate responses were calculated as the area under the curve (AUC) via the sum of trapezoids method to the point of peak popliteal artery dilatation.
For assessment of leg microvascular function, we measured the reactive hyperaemia response to cuff release. Indeed, postocclusion reactive hyperaemia has been used in numerous studies as an index of microvascular function (Anderson et al., 2011; Brunt et al., 2016; Cooper et al., 2016; Heffernan, Jae, Wilund, Woods, & Fernhall, 2008; Mitchell et al., 2004; Philpott et al., 2009 Vranish et al., 2017). In addition, to be complete, we also calculated the first minute of hyperaemic blood velocity AUC (RH-1 min) and peak reactive hyperaemia (RH-peak) as the AUC of hyperaemic blood velocity until the popliteal artery began to dilate above baseline for three consecutive cardiac cycles. Similar measurements were made using shear rate AUC to quantify reactive hyperaemia. Lastly, reactive hyperaemia responses for blood flow AUC were also calculated, and these results mirrored those of blood velocity AUC and shear rate AUC (data not shown).
Statistics
Data were analysed using Student's paired t tests (protocol 1a) or one-way repeated-measures ANOVA (protocols 1b, 2a and 2b), with post hoc comparisons adjusted according to the Bonferroni method (SPSS, version 24, Chicago, IL, USA).
ANCOVA was performed to co-vary statistically for the impact of hyperaemic shear rate AUC on FMD values. Data are expressed as means ± SD, and significance was set a priori at P < 0.05.
RESULTS
Protocol 1a: Acute sitting
Ten minutes of sitting resulted in a significant reduction in popliteal artery blood velocity, blood flow and shear rate (Table 1 and Figure 2 ).
This reduction was sustained during supine PostSit measurements and was not attributable to a change in popliteal artery diameter at any time point (Table 1) 
Protocol 1b: Acute sitting with extended recovery
Similar to protocol 1a, 10 min of sitting resulted a significant reduction in popliteal artery blood velocity, blood flow and shear rate, which remained decreased throughout supine recovery up to 1 h postsitting (Table 1 and Figure 3 ), whereas popliteal artery diameter was unchanged throughout (P = 0.80). Popliteal artery vascular conductance was also significantly decreased with 10 min of sitting and remained reduced for 1 h (time effect, P = 0.001). Popliteal artery
TA B L E 1 Popliteal artery diameter and blood velocity in protocol 1
Protocol 1a: Acute sitting (n = 14) 5.4 ± 2.4 2.4 ± 0.8* 2.1 ± 1.0* 3.1 ± 1.0* 2.9 ± 0.7* 2.9 ± 0.8* <0.001 * P < 0.05, relative to Baseline.
FMD was not different immediately after 10 min of sitting or at the 30 and 60 min time points (Figure 3b ). Co-varying FMD results for the hyperaemic shear rate AUC did not alter this interpretation (P = 0.99).
In contrast, 10 min of sitting resulted in a significant reduction in the reactive hyperaemia response immediately after and up to 1 h after sitting for both RH-above baseline ( Figure 3d ) and RH-1 min (e.g. Baseline, 4645 ± 1204 a.u.; PostSit 30 min, 2727 ± 756 a.u.; P = 0.002), whereas RH-peak tended to decrease, although this did not attain statistical significance (e.g. Baseline, 1374 ± 1024 a.u., PostSit 30 min, 577 ± 470 a.u.; P = 0.09). Likewise, shear rate AUC was significantly reduced immediately after and up to 1 h after sitting (e.g.
Baseline, 90,039 ± 33,704 a.u.; PostSit 30 min, 50,937 ± 19,853 a.u.; P = 0.01).
Protocol 2a: Supine rest (leg inactive)
Mean popliteal artery blood velocity (P = 0.55), diameter (P = 0.44), blood flow (P = 0.47), shear rate (P = 0.62) and vascular conductance (P = 0.66) were not different throughout the inactive supine rest conditions (Table 2 and Figures 4a and 5a ). In addition, Figure 4b demonstrates that popliteal artery FMD remained stable throughout immobile supine rest (P = 0.94), and this was consistent when normalizing the FMD response to hyperaemic shear rate AUC (P = 0.97). Conversely, inactive supine rest resulted in a decline in microvascular function at both the 30 and 60 min time points for hyperaemic blood velocity AUC RH-above baseline (Figure 5b ), RH-1 min (time effect, P = 0.02) and RH-peak (time effect, P = 0.03).
Likewise, shear rate AUC was significantly reduced (time effect, P = 0.01).
Protocol 2b: Supine rest (leg active)
The performance of calf muscle contractions during supine rest did not induce a sustained change in resting popliteal artery blood velocity (P = 0.90), diameter (P = 0.21), blood flow (P = 0.94), shear rate (P = 0.79) or vascular conductance (P = 0.77) ( Table 2 and Figures 4c and 5c). Thus, resting values before FMD measurements were similar to those during supine rest with the legs inactive. were not different over time, nor was shear rate AUC (time effect, P = 0.70).
Heart rate and blood pressure responses
With acute sitting (protocol 1a), HR was significantly lower after sitting (Baseline, 59 ± 11 beats min −1 ; PostSit, 56 ± 11 beats min −1 ; P < 0.001); however, mean arterial BP was unchanged (Baseline, 87 ± 7 mmHg; PostSit, 88 ± 8 mmHg; P = 0.38). In the subset of individuals who completed acute sitting with extended recovery (protocol 1b), we observed no effect of time on HR (P = 0.23) or mean arterial BP (P = 0.24). Finally, during the inactive (protocol 2a) and active (protocol 2b) supine rest trials, HR (P = 0.89 and P = 0.06, respectively) and mean arterial BP (P = 0.30 and P = 0.12, respectively)
were not significantly affected over time.
DISCUSSION
The present study identifies a distinction between leg microvascular and macrovascular function, wherein reactive hyperaemia, but not FMD, was significantly reduced with a mere 10 min of sitting.
Furthermore, the reduction in microvascular function was persistent up to 1 h after this short sitting period. Interestingly, immobile supine rest also resulted in a reduction in reactive hyperaemia without an effect on FMD. Moreover, the impairment in leg microvascular function during supine rest was prevented when calf muscle contractions were performed. These findings suggest that the microcirculation might be more vulnerable to short periods of inactivity, whereas conduit
artery endothelial function appears well preserved. In addition, it Previous studies of prolonged sitting have indicated that the impairment in leg macrovascular function is mediated through a reduction in leg blood flow-induced shear stress . In the context of the present study, the 10 min duration of reduced shear stress might not have been long enough to impair conduit artery endothelial function. Indeed, although shear rate is reduced immediately upon sitting, in other studies the reduction in FMD was observed at 1, 3 and 6 h post-sitting (Restaino et al., 2015 Thosar et al., 2014) . Combined with our present findings, these data suggest that a sustained reduction in shear stress is needed to affect macrovascular function. Alternatively, it is plausible that the magnitude of reduction in shear stress at 10 min of sitting might not have been sufficient to alter macrovascular function. Prolonged sitting, for 1-6 h, results in a 60-70% reduction in shear rate (Restaino et al., 2015; Vranish et al., 2017) , whereas sitting for only 10 min reduced shear rate by ∼45%. is largely nitric oxide mediated, whereas reactive hyperaemia is reliant on metabolic and myogenic mechanisms (Doshi et al., 2001; Joannides et al., 1995) . Additionally, the venoarteriolar reflex, which would be more prominent within the microvasculature (Henriksen, 1991; Nielsen, 1983) , might have resulted in downstream vasoconstriction and contributed to the impaired microcirculatory function with sitting. Finally, alterations in transmural pressure (Krishnan, Lucassen, Hogeman, Blaha, & Leuenberger, 2011) or myogenic responses (Estanol et al., 2016) during sitting when the limb is lowered below heart level cannot be ruled out in terms of differences between the conduit artery and microcirculation. These divergent mechanisms warrant consideration in future studies to determine their potential role in sitting-induced leg micro-and macrovascular impairments.
Our results allow us to rule out reduced shear stress as the sole mechanism by which microvascular function is impaired with a short duration of sitting. In this regard, reactive hyperaemia was also reduced with immobile supine rest; however, during these conditions leg blood flow and shear stress were not reduced. Thus, an impairment in leg microvascular function was found independent of any reduction in resting blood flow. This finding is further supported by previous work from our group indicating that increasing blood flow during sitting ameliorated reductions in popliteal artery FMD, yet microvascular function was still reduced to some extent Restaino et al., 2016) . In the context of the present study, it appears that immobility of the lower limbs is sufficient to affect microvascular function, yet the reduction in reactive hyperaemia was prevented when calf muscle contractions were performed during the supine rest period. These findings underscore the importance of skeletal muscle activity for microcirculatory function. In further support of this, we have shown previously that a reduction in microvascular function after 6 h of uninterrupted sitting can be reversed with merely 10 min of walking (Restaino et al., 2015) . Thus, a short period of repetitive muscle contractions can completely restore microvascular function. Collectively, these findings indicate that the leg microvasculature is more readily perturbed by even short bouts of sitting or immobile rest and highlight the potential importance of skeletal muscle activation to maintain microcirculatory function. The precise mechanism(s) by which skeletal muscle contractions maintain or improve reactive hyperaemia responses independent of a sustained increase in resting blood flow and shear rate remain unclear, but it is possible that muscle contraction releases signalling molecules that influence microvascular function. Indeed, myokines have emerged as a potential link between skeletal muscle activation and the beneficial effects of exercise in various disease states (Pedersen, 2011) , and previous work has demonstrated that these hormonal factors are capable of improving endothelial cell function via activation of nitric oxide synthase (Ouchi et al., 2008) . These data, combined with the findings of the present study, highlight the potential importance of muscle contraction for microvascular function.
Although we report herein that macrovascular function is preserved during brief periods of sitting or inactive supine rest, acute Mean popliteal artery blood flow was unchanged during supine rest wherein the leg was inactive (a; n = 7) or active (c; n = 7). Hyperaemic blood velocity AUC was significantly reduced with inactive supine rest (b) but was unaltered across time with supine rest that involved calf muscle contractions (d). * P < 0.05, versus Baseline reductions in microvascular function were present. This may represent a normal physiological response to decreased metabolic demand in the legs and/or a reduction in the magnitude of vasodilatory substances released from skeletal muscle during ischaemia after inactivity.
Nevertheless, decreases in microvascular function are not trivial, and repeated or prolonged reductions over weeks, months or years might impart significant cardiovascular risk. In this regard, several previous studies have highlighted the strength of microvascular function tests in predicting the risk of cardiovascular disease and death (Anderson et al., 2011; Huang et al., 2007; Philpott et al., 2009) . Although the present study does not allow for extrapolation to long-term cardiovascular consequences of repeated short-term inactivity, previous work has shown that reactive hyperaemia is significantly reduced with multiple days of inactive bedrest (Friman & Hamrin, 1976; Hamburg et al., 2007) . Furthermore, comparison of hyperaemic responses in trained versus untrained individuals indicates enhanced microvascular function in more active individuals (Boutcher & Boutcher, 2005; Montero, Walther, Diaz-Canestro, Pyke, & Padilla, 2015) . Overall, these studies, in combination with our present findings, emphasize an important link between sedentary behaviour or inactivity and microvascular function that warrants further consideration. However, because we only studied young healthy men, these results cannot be extrapolated to older men and women or at-risk populations wherein cardiovascular function is already impaired.
Conclusion
In summary, we demonstrated that sitting for as little as 10 min reduced resting leg blood flow and shear rate and resulted in a reduction of microvascular function that persisted for 1 h post-sitting.
In contrast, macrovascular function was unaffected. These findings suggest that a greater or more sustained reduction in shear stress is necessary to reduce conduit artery endothelial function, but the microvasculature appears more sensitive to impairment. Additionally, despite the lack of effect on resting leg blood flow, shear rate or FMD, inactive, but not active, supine rest was also sufficient to decrease reactive hyperaemia responses, which emphasizes the importance of skeletal muscle activity for the responsiveness of the microcirculation. Collectively, these findings highlight a distinction between microvascular and macrovascular impairments with brief bouts of inactivity, and support the notion that the microcirculation may be more vulnerable to short periods of sitting or supine rest without leg movement.
